Purpose: Human males absent on the first (hMOF) is a histone acetyltransferase (HAT) and is responsible for acetylating histone H4 at lysine 16 (H4K16). Recent studies have indicated that hMOF is overexpressed in non-small-cell lung cancer (NSCLC) as an oncogene. The aim of this study is to profile the prognostic roles of hMOF in patients with unresectable stage III NSCLC undergoing definitive radiotherapy (RT) and in the radiosensitivity of human NSCLC cells.
Introduction
Non-small-cell lung cancer (NSCLC) is one of the most common causes of cancerrelated death worldwide. Unresectable stage III NSCLC is the most common presentation among non-metastatic cases.
1 Radiotherapy (RT) is the definitive treatment modality of patients with unresectable stage III NSCLC. Despite concurrent chemoradiotherapy (cCRT) and some progress with the use of three-dimensional conformal radiation therapy (3D-CRT) and intensity-modulated radiation therapy (IMRT) in improving the clinical outcome, the 5-year survival rate is 16%. [2] [3] [4] Acquired radioresistance contributes to tumor recurrence and a poor prognosis; thus, identifying potential prognostic biomarkers and effective radiosensitizers has important clinical significance for improving the therapeutic efficacy of NSCLC patients.
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The histone modification status is dynamically regulated by chromatin-modifying enzymes in cells. Histone acetylation is a well-characterized epigenetic modification that is controlled by histone acetyltransferases (HATs) and histone deacetylases (HDACs). 5 MOF is a member of the MYST family of HATs, which was first described in Drosophila melanogaster as an essential component of the X-chromosome dosage compensation male-specific lethal (MSL) complex and is responsible for the acetylation of H4K16 in the cell. [6] [7] [8] [9] [10] [11] In human cells, MOF can form at least two distinct multiprotein complexes, MSL and non-specific lethal (NSL), and both complexes can acetylate H4K16 (acetylated H4K16 [H4K16ac] ). In addition, MOF plays critical roles by acetylating non-histone substrates, such as p53, TIP5, and Nrf2. [12] [13] [14] [15] MOF plays critical roles in chromatin stability, cell cycle, gene transcription, DNA damage repair, and early embryonic development. 5, 7, 16, 17 Inconsistent hMOF expression and its corresponding acetylation of H4K16 have been found in various primary cancer tissues. Recent studies have shown that hMOF is frequently downregulated in breast cancer, medulloblastoma, ovarian cancer, renal cell carcinoma, colorectal carcinoma, and gastric cancer, whereas hMOF is upregulated in oral tongue squamous cell carcinoma and NSCLC. 15, 18, 19 Several studies have reported that hMOF modulates proliferation and metastasis by regulating H4K16 acetylation in NSCLC cell lines and that hMOF predicts prognosis in patients with NSCLC. 19, 20 hMOF depletion blocks the repair of DNA double-strand breaks (DSBs), 5 and the ability to repair DNA DSBs is related to cancer radiosensitivity. 21 Therefore, we hypothesized that hMOF expression levels and radiation resistance are related.
In this study, we aimed to investigate the role of hMOF in predicting the prognosis of patients with unresectable stage III NSCLC undergoing definitive RT and the correlation between hMOF and radiosensitivity in NSCLC cells.
Materials and methods
Patients and specimens
The study protocol was approved by the institutional review board of China Medical University. A total of 24 paired normal and tumor fresh-frozen NSCLC tissue samples were collected from the First Affiliated Hospital of China Medical University. The corresponding hMOF RNA and proteins were extracted. Between March 2008 and December 2013, 90 patients with unresectable stage III NSCLC who underwent curative 3D-CRT, IMRT with concurrent chemotherapy, sequential chemotherapy, or no chemotherapy at our institution were recruited in our study. The chemotherapy regimens were cisplatin plus pemetrexed for non-squamous disease and carboplatin plus paclitaxel for all others. Fresh frozen lung resection biopsies were available. The prescribed dose was 60-66 Gy in 2.0 Gy daily fractions. The diagnosis was established using WHO morphological criteria. Tumor staging was performed according to the TNM classification of the seventh edition of the American Joint Committee on Cancer staging system.
ethics approval and consent to participate
This study was approved by the ethics committee of China Medical University. Written informed consent was obtained from all participants in the study. All experiments involving clinical samples were conducted in accordance with the Declaration of Helsinki.
real-time quantitative Pcr and Western blot analysis
RNA was isolated with TRIZOL reagent (Thermo Fisher Scientific, Waltham, MA, USA). Real-time PCR (RT-PCR) was performed with a 7500 Real-Time PCR System (Thermo Fisher Scientific) using SYBR Green master mix (Takara, Dalian, China). GAPDH was used to standardize the quantity of hMOF transcripts. The relative expression of target genes was calculated using the 2−ΔΔCt method. The primer sequences are as follows: hMOF forward, 5′-TCTCACCATTCCCCGAAGA-3′, hMOF reverse, 5′-TCCTTGGAGAAGTAGCCAACA-3′; RAD51 forward, 5′-CAGTGATGTCCTGGATAATGTAGC-3′, RAD51 reverse, 5′-TTACCACTGCTACACCAAACTCAT-3′; and GAPDH forward, 5′-GAAGGTGAAGGTCGGAGTC-3′, GAPDH reverse, 5′-GAAGATGGTGATGGGATTTC-3′.
Proteins were extracted from cells and tissues lysed by RIPA lysis buffer and quantified using the Bradford method. 
immunohistochemistry
Sections were deparaffinized using a series of xylene and rehydrated through graded alcohol to distilled water; then, antigen retrieval was performed in citrate buffer. Each section was incubated with a 1:80 dilution of anti-hMOF antibody and then with a biotinylated secondary antibody followed by streptomycin biotin peroxidase (SP) solution. Cells with brownish yellow particles in the cytoblast were considered positive. Staining intensity was classified as follows: 0, no staining; 1, moderate staining; and 2, strong staining. The staining percentage was scored as follows: 1, 1%-24%; 2, 25%-49%; 3, 50%-74%; and 4, 75%-100%. The percentage and intensity scores were multiplied to result in a final hMOF score. hMOF overexpression was considered as a score of $4.
cell culture and transfection Lentiviral hMOF-GV112-puromycin-shRNA (Genechem, Shanghai, China) and control lentiviral vector-GV112-puromycin shRNA were used for transfection according to the manufacturer's instructions and selected using puromycin. The transfected cells were labeled as hMOF-shRNA-H1299, Vector-H1299, hMOF-shRNA-A549, or Vector-A549.
irradiation (ir) conditions and clonogenic survival analysis
Culture flasks with H1299 and A549 cells were treated with X-ray IR using a linear accelerator (model: Varian Medical System) at a dose of 4 Gy when the cells reached 80% confluence. After IR, the cells were collected at the indicated time points.
Cells were passaged into single-cell suspensions, and a specific number of cells of each group were seeded into sixwell plates. A single IR dose of 0, 2, 4, and 6 Gy was delivered to cells (n=200 cells/each well for 0 and 2 Gy, 400 cells for 4 Gy and 600 cells for 6 Gy). After incubation for 14 days for colony formation, the cells were fixed in anhydrous ethanol and stained with crystal violet. The number of colonies containing at least 50 cells was determined to calculate the plating efficiency (PE) and surviving fractions (SFs) by the formulae: PE = colonies observed/number of cells plated and SF = colonies counted/cells seeded×(PE/100). A multitarget single-hitting model was used to fit the dose survival curves. In the formula Y=1− statistical analyses SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, USA) was used for all statistical analyses. A χ 2 test was used to analysis correlations between hMOF expression and clinicopathological factors. Student's t-test was used to compare other data. A multitarget single hitting model was fit to the dose survival curve with GraphPad Prism 5.01 version software (GraphPad Software, Inc., La Jolla, CA, USA). P,0.05 was considered statistically significant.
Results
hMOF is overexpressed in nsclc tissues and correlates with a poorer prognosis in nsclc patients who underwent rT
RT-PCR and Western blot techniques were used to detect the mRNA and protein levels, respectively, of hMOF expression in 24 pairs of NSCLC tissues. Compared with non-cancerous tissues, the mRNA levels of hMOF were significantly increased (0.0812 vs 0.0419) (P,0.05) ( Figure 1A ). The overexpression of hMOF was also confirmed by Western blot ( Figure 1B) . Immunohistochemistry was performed in 90 cases of NSCLC tissues, and positive NSCLC cells displayed yellowish to brownish yellow granules in the nucleus (Figure 2A-D) . hMOF expression was weak/negative in normal tissues, and hMOF overexpression was observed in 46 of 90 NSCLC tissues. We analyzed the correlation of hMOF expression with clinical factors of NSCLC patients and the prognosis of NSCLC patients. No significant association was found between hMOF and age, gender, smoking history, primary tumor (T) stage, or clinical stage, but hMOF was associated with lymph node (N) stage (Table 1) . A Kaplan-Meier survival analysis revealed a significantly lower overall survival in patients with positive hMOF compared with those with negative expression (mean survival: 20 vs 28 months) (P=0.025; Figure 2E 
Downregulation of hMOF sensitizes nsclc cell lines to ir
As hMOF overexpression correlates with a poorer outcome in NSCLC patients who underwent RT, we investigated whether downregulated hMOF affected the response to RT. hMOF shRNA knockdown were performed in H1299 and A549 cell lines, and the efficiency of shRNA knockdown was confirmed. The clonogenic assay is a gold standard for estimating radiosensitivity, and it was used to calculate survival curves. As shown in Figure 3 , the number of formed cell clones decreased after exposure to graded doses of IR (0, 2, 4, and 6 Gy) compared with the Vector-H1299 group. Inhibition of colony-forming ability was more effective in the hMOF-shRNA-H1299 group under the same dose of IR, especially at the higher dose (6 Gy). Similar results were obtained for A549 cells. The dose survival curves were Figure 1 hMOF is overexpressed in human lung cancer tissues. Notes: Twenty-four pairs of nsclc and corresponding non-cancerous tissues (.5 cm away from the cancer tissue) were studied to assess the role of hMOF. We used rT-Pcr and Western blot techniques to detect the mrna and protein levels, respectively, of hMOF in nsclc tissues. (A) compared with non-cancerous tissues, the mRNA levels of hMOF were significantly increased in NSCLC tissues. (B) Western blot analyses showed that hMOF protein expression in nsclc tissues was higher than that in non-cancerous tissues. Abbreviations: hMOF, human males absent on the first; NSCLC, non-small-cell lung cancer; RT-PCR, real-time PCR. Abbreviations: hMOF, human males absent on the first; NSCLC, non-small-cell lung cancer; SCC, squamous cell carcinoma. fit by using the multitarget single-hitting model, and the parameters k, N, D 0 , D q , SF, and SER are detailed in Table 3 . After hMOF knockdown, we found that SER.1 in both H1299 and A549 cells at 1.22 and 1.34, respectively. These results indicated that downregulated hMOF could increase radiosensitivity in vitro.
ir enhances hMOF-mediated acetylation of histone h4 at K16 and hMOF inactivation abrogates aTM and raD51 activation
Previous reports indicated that hMOF and H4K16ac are critical for DDR and DSB repair 5 and that hMOF interacts with the ATM protein. 8 To explore the potential mechanism of enhanced radiosensitivity by hMOF reduction in NSCLC cells, we first detected the expression of hMOF and H4K16ac at 0, 1, 2, 4, and 8 h after 4 Gy X-ray treatment in NSCLC cell lines. As shown in Figure 4 , the protein level of hMOF was consistent at different time points, whereas the expression of H4K16ac increased gradually and peaked at 4 h after To clarify whether the DSB level increased as a result of hMOF silencing, we performed a Western blot to test the expression of γ-H2AX, a sensitive and typical marker of DSB. The γ-H2AX protein was increased after IR, and a significant difference in γ-H2AX protein expression was found between 
A549 (4 Gy)
4 h 8 h Figure 4 expression of hMOF and h4K16ac protein in nsclc cells after ir.
Notes:
The protein expression of hMOF and h4K16ac was detected at 0, 1, 2, 4, and 8 h after 4 gy X-ray treatment in h1299 and a549 cell lines. at different time points after ir, the protein expression of hMOF was consistent (A and B), whereas h4K16ac protein expression increased gradually at 2 h and peaked at 4 h after ir in both cell lines (A and C). at 8 h, the h4K16ac level stayed consistent in the h1299 cell line but decreased in the a549 cell line, indicating that ir enhanced hMOF-mediated h4K16ac and that 4 h after ir was the best reaction time (*P,0.05). Abbreviations: hMOF, human males absent on the first; IR, irradiation; NSCLC, non-small-cell lung cancer.
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li et al the vector-H1299+R and hMOF-shRNA-H1299+R cell groups ( Figure 5 ). Similar results were obtained in A549 cells. We then analyzed the protein levels of ATM, ATM phosphorylation (p-ATM), and RAD51, which are critical proteins of the recombination repair pathway, at 4 h after 4 Gy IR by Western blot. As shown in Figure 6A -C, the reduction of hMOF obviously decreased the acetylation of H4K16 and downregulated p-ATM and RAD51 expression compared with the control cells after IR in the H1299 and A549 cells (P,0.05). The results indicated that hMOF reduction enhanced radiosensitivity by affecting the homologous recombination (HR) repair pathway. RT-PCR was conducted to verify the mRNA change in RAD51 ( Figure 6D ) and showed that the mRNA expression was significantly decreased in the shRNA groups, indicating that hMOF may affect the protein expression of RAD51 at the level of transcription.
Discussion
The loss of H4K16ac is a common hallmark of human cancer. 22 In recent years, hMOF was found to be overexpressed in NSCLC tissues and to have a potential oncogenic role. 15, [18] [19] [20] In this study, we demonstrated that the overexpression of hMOF predicted a poor prognosis and served as an independent prognostic factor in unresectable stage III NSCLC patients undergoing definitive RT. Importantly, we found that downregulated hMOF could increase radiosensitivity in both H1299 cells and A549 cells in vitro, which has not been previously studied.
High levels of hMOF were confirmed to be associated with metastasis, recurrence, tumor size, and disease stage. 15 In unresectable stage III NSCLC, we found that the expression of hMOF is associated with N stage, which may be a consequence of hMOF promoting the proliferation, migration, and adhesion of NSCLC cells. 19 The prognosis role of hMOF is inconsistent with other studies of NSCLC. Song et al 18 reported that hMOF overexpression was associated with good survival in patients with stage III NSCLC as an independent prognostic factor; high hMOF expression was associated with longer disease-free survival and overall survival. We found an opposite result in which the overexpression of hMOF predicted poor prognosis, which is consistent with the finding of another study. 19 We compared the patients included in our study with those in Song et al's study. All 90 cases included in our study were patients with stage III, unresectable NSCLC, and the therapeutic regimen was RT with concurrent chemotherapy or sequential chemotherapy or no chemotherapy. In Song et al's study, the researchers recruited 129 patients with stage III NSCLC, but the regimen was not described. Neither of the two studies had a large sample size or was a randomized controlled trial; thus, large sample size studies are needed to confirm the conclusion. cCRT is the standard treatment for patients with local, advanced NSCLC in clinical practice, and this treatment improved the 5-year overall survival rate from 10% to 16%. 23 Nevertheless, the acute, non-hematologic toxic effects, particularly esophagitis, are statistically significantly worse with cCRT, 23 which results in more treatment breaks or treatment delays and impacts the clinical outcomes. 24 Moreover, patients with old age, bad performance status, or pre-existing comorbidities may not be able to tolerate cCRT due to the acute toxicity. The overexpression of hMOF predicted poor prognosis in unresectable stage III NSCLC patients undergoing definitive RT, and we speculated that hMOF might be associated with the radioresistance of NSCLC. The role of hMOF in facilitating drug resistance has been reported previously in NSCLC cells. 15 However, its involvement in the radioresistance of NSCLC remains unexplored. In this report, hMOF transfection and shRNA knockdown were performed in H1299 and A549 cell lines, and a better response β β Figure 6 ir enhances hMOF-mediated acetylation of histone h4 at K16 and hMOF inactivation abrogates aTM and raD51 activation. Notes: hMOF-shrna-h1299, Vector-h1299, hMOF-shrna-a549, and Vector-a549 cells were irradiated at a dose of 4 gy in the ir groups. The same four groups were set as negative control groups without any treatment. at 4 h after ir, cells of each group were harvested to detect the protein expression of hMOF, h4K16ac, p-aTM, and raD51. representative Western blot results show that the expression levels of hMOF and aTM were consistent in the ir and control groups, whereas h4K16ac and raD51 were increased by ir in all the cells (A and C). p-aTM was increased by ir in the Vector-h1299 and Vector-a549 groups, but there was no difference between the ir groups and control groups in the shrna cell groups (A and B) . The expression level of h4K16ac, raD51, and p-aTM in the shrna cell lines hMOF-shrna-h1299 and hMOF-shrna-a549 was clearly higher than those in their corresponding cell lines (B and C). These results indicated that hMOF reduction enhanced radiosensitivity by affecting the homologous recombination repair pathway. (D) RT-PCR analysis of RAD51 in all cell groups. RAD51 mRNA expression was significantly decreased in the shrna groups, which indicated that hMOF may affect the protein expression of raD51 at the level of transcription (*P,0.05). Abbreviations: ATM, ataxia telangiectasia mutated; hMOF, human males absent on the first; H4K16ac, acetylated H4K16; IR, irradiation; NSCLC, non-small-cell lung cancer; p-ATM, phospho-ataxia telangiectasia mutated; RT-PCR, real-time PCR.
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li et al to IR was found in these cells than that in control cells. The underlying mechanism was explored through more in-depth research, and the expression of p-ATM and RAD51 was downregulated in NSCLC cells with depleted hMOF when treated by IR. γ-H2AX, a marker for DSBs, was positively associated with tumor radiosensitivity. Our results suggested that hMOF silencing could increase radiosensitivity through the upregulation of γ-H2AX expression. Pathways involved in the signaling and repair of DSBs are critical for protecting genomic stability and the outcome of radiation therapy. 25 HR is one of the major DSB pathways and is tightly associated with resistance to DNA-damaging agents. Research has shown that ATM signaling contributes to DSB repair not only for the initiation but also for the completion of DSB repair by HR in mammalian cells following exposure to IR and other DNA-damaging agents. [26] [27] [28] RAD51 is a highly conserved protein and a central player in DNA repair via HR. RAD51 foci formation is one of the most commonly used assays to functionally approach ongoing HR. In this study, we found a significant downregulation of p-ATM and RAD51 in cells transfected with hMOF shRNA after radiation. The mRNA levels of RAD51 were also decreased after silencing hMOF, and previous studies have demonstrated that p-ATM and RAD51 were critically involved in HR. Our results suggested that hMOF depletion might increase radiosensitivity through the HR pathway. The depletion of MOF blocks DSB repair by both the HR and NHEJ pathways (however, in our study, we did not find a significant change in the NHEJ pathway; data not shown). 5 Blocking the IRinduced increase in H4K16ac resulted in increased cell killing by decreasing ATM autophosphorylation, ATM kinase activity, and the phosphorylation of downstream effectors of ATM and DNA repair. 
Conclusion
We demonstrated an important role for hMOF in the prognosis of patients with unresectable stage III NSCLC undergoing definitive RT. Downregulated hMOF increases radiosensitivity in vitro, which might be exploited to overcome radiation resistance and improve the efficacy of NSCLC RT.
